Background: A numerical model is developed to simulate the short-circuiting metal transfer process during gas metal arc welding (GMAW). The energy equation and the Marangoni convection are considered for the first time in analyzing the short-circuiting time.
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Introduction
It is well known that GMAW short-circuiting transfer is suitable for welding thin sheets due to its low average heat input. To obtain desirable weldment geometry, a thorough understanding of the bridge transfer mechanism is needed. Existing models of this process either do not consider the thermal effect or the free surface. In the early 1990s, Maruo et al [1] studied the bridging transfer of pendent mercury drops. Time dependent deformation of the liquid bridge was observed by high-speed photography. Effects of current on the neck diameter and the short-circuiting time were dynamically simulated using the Marker and Cell (MAC) method. Their study showed that metal transfer was driven jointly by electromagnetic and capillary forces.
Hirata et al [2] developed a one-dimensional model of the GMAW short-circuiting transfer. They found that, in addition to the short-circuiting current level, the initial drop volume also played a role in determining the breakup time. Using the Volume of Fluid (VOF) method, Choi et al [3] analyzed the effects of welding current, initial drop volume, and wire feed rate on shortcircuiting transfer. They determined that the welding current is the sole dominating factor in the dynamics of short-circuiting transfer. However, by considering only the isothermal case, this study is incapable of accounting for the Marangoni shear stress. Choi et al [4] subsequently included drop development into a simplified short-circuiting model. Drop growth was simulated by the characteristic equation of an electric wire. The force balance model was adopted to determine the drop detachment. Welding current, voltage and metal transfer mode were only qualitatively predicted due to over-simplification. Wang [5] developed a numerical model for plug welding of a multi-layered workpiece. The short-circuiting welding process he proposed has the advantage of reducing welding spatter and lowering porosity.
Thus far, the effect of temperature distribution in GMAW short-circuiting metal transfer has not been addressed.
The paper is organized as follows. Section 2 describes the benchmarking of the front tracking method used to represent the free surface in GMAW short-circuiting transfer. Following the mathematical formation for the short-circuiting transfer in section 3, section 4 discusses the solution procedure and numerical consideration of the given governing equations. Section 5 presents the effects of welding current, surface tension temperature coefficient and initial drop volume on short-circuiting duration time. The conclusions are given in section 6.
Free surface method
The GMAW short-circuiting bridge has a free surface. Study of free-surface problems has been limited due to the difficulties associated with interface representation, and computation of surface tension effects. One of the most traditional approaches to computing multiphase flows, the MAC method developed by Harlow and Welch [6] , places massless tracer particles in the fluid field that move with the fluid velocity. This method is sometimes considered inefficient since computer storage can become prohibitively large while each particle is traced individually.
In recent years, the VOF [7] method has gained popularity in simulating moving boundary problems. It introduces a fraction function, F, to represent the volumetric percentage of fluid in each cell. Tracking of the interface is achieved by advecting the fluid flux in each cell after the velocities are computed on a fixed grid. Due to its intuitive denotation of the fluid field, the VOF method has also seen application in the simulation of GMAW metal transfer. However, the shape of interfaces reconstructed from the VOF method is inherently poor with complicated smoothing algorithms being required to reconstruct the surface. As a result, surface tension computation is often inaccurate. In this paper, a newer boundary capturing technique, proposed by Unverdi and Tryggvason [10] , is implemented to handle the free surface (profile of liquid bridge). Formulated on a fixed grid where the governing equations are solved, this method uses a moving grid of lower order (the socalled "front") to explicitly track the free surfaces. This technique not only makes surface tension computation effortless, but also delivers high quality boundaries. Figure 1 is a schematic representation of this method.
Fig. 1 Schematic representation of front tracking method

Benchmarking of the Front Tracking Method
To test the performance of the above-described algorithm, it was used to simulate an initially static drop situated in another medium, as shown in Fig. 2 . With surface tension being the only driving effect, the drop will start to oscillate. A 'front' was put at the interface. Parameters used for simulation are shown in Table 1 . The problem is nondimensionalized by picking the width of the computational domain W, the liquid density in ρ and viscosity in µ as the basic scales. Table 3 show that increasing density ratio decreases the period. Higher ratios increase convergence problems, in that negative densities may appear when smoothing the density field near interfaces. However, it can be projected that a density ratio of ∞ = The effect of viscosity ratio is shown in Fig. 4 and Table 4 Table 5 show the effect of computational time step. It can be seen that ∆t = 4x10
-6 sec provides almost identical results with ∆t = 2x10 -6 sec and ∆t = 1x10 -6 sec. Figure 6 . Effect of mesh resolution Table 6 show the effect of mesh resolution. As can be seen, a resolution of 60×60 provides satisfactory accuracy. T(1/ratio-->0) = 16.8 ms
Fig. 7 Oscillation period versus density and viscosity ratios
As shown in Fig. 7 , the oscillation period of the drop was plotted versus the density and viscosity ratios (set to be the same). It was found that with increasing density and viscosity ratios the period decreases. Note that though our code has difficulty handling practically infinite density and viscosity ratios, this oscillation period, 0.0168 sec, was accurately predicted by a density ratio of 150 and viscosity ratio of 100.
The same problem was also simulated using the VOF method. Since VOF can only simulate a single phase, the effect of media around the drop was not considered. This is equivalent to an infinite density and viscosity ratios in the front tracking method. Though an infinite density or viscosity ratio cannot be practically implemented in the front tracking method, we know from the discussion above that a modest Table 7 . 
Formulation Governing Equations
Material properties of all fluids are taken as constant. Buoyancy force is neglected due to its generally small magnitude compared to the electromagnetic force [11] . The governing equations described below are valid for the entire fluid field (liquid metal and gas). The flow field during the welding process will be three-dimensional, unless spot welding is considered and 5ms 6.25ms 7.5ms 8.75ms 2.5ms 3.75ms 0ms
1.25ms
axisymmetry can be assumed. Here, we study the qualitative effects in a two-dimensional simulation, without relative lateral motion between the workpiece and the electrode.
The governing equations are:
Continuity:
Momentum:
where the components of body force, x f and y f , are usually dominated by the electromagnetic force. However, in the front tracking method, surface tension and Marangoni shear stress are also treated as 'body forces' concentrated at the free surface. In two-dimension, the stresses due to surface tension are given by
where γ is the surface tension coefficient, R is the radius of curvature T ∂ ∂γ is the surface tension temperature coefficient, s and n are tangential and normal to the interface, respectively.
The plasma shear stress is neglected because according to Choo and Szekely [12] , it is insignificant in low and modest current regimes when compared to the Marangoni shear stress.
In the energy equation, q " is the heat generation due to Joule heating.
Electromagnetic Force
Based on the steady state Maxwell's equations with the magnetohydrodynamics (MHD) approximation [13] , the electromagnetic force can be calculated by the following equations [14] :
Poisson equation for the electrical potential 
Ampere's law
Electromagnetic force
where φ is the electrical potential, J ! is the current density vector, σ is the electrical conductivity, B # is the magnetic flux vector, m µ is the magnetic permeability, and F # is the electromagnetic force.
Boundary Conditions
Fig . 9 gives the boundary conditions for velocity, pressure, temperature, and electrical potential.
Initially the molten drop and the weld pool are in contact, and the weld pool surface is assumed flat. The computation region only includes molten metal and gas, not the melting or solidified metal. In Fig. 1(a) , the normal velocity along the top boundary is set equal to the wire feed rate, while free-slip conditions are applied for velocities at the other three boundaries. Mixed temperature boundary conditions are applied as shown in Fig. (1b) . In Fig. 1(c) , both inflow and outflow current densities are assumed to be uniform.
Free surface boundary conditions on current and temperature are obviated by again having the electrical and thermal properties vary continuously across the gas-solid interface. Here we have tested and used density, viscosity, electrical conductivity, and specific heat ratios of 50:1. The results show relative insensitivity to the ratio used. Because we have no arc model, the simulations are not very meaningful after necking is complete. (14) and usually take the form of
We use a weighting function suggested by Peskin [15] :
In the mathematical model, velocity and pressure are coupled by the continuity and momentum eq. (1-3) . In this paper a projection method, described below, is used to decompose the p U~relationship. 
where ε is the electrical resistivity and x j and y j are components of current density.
(v) Advance fronts by interpolating the Euler velocity solved from step (3). The fixed grid velocity is transformed to the 'front' velocity by eq. (13).
(vi) March to the next time step and go back to step (i). Repeat this process until the liquid bridge breaks up. When the minimum diameter of the liquid bridge decreases below the size of one cell dimension, breakup is said to happen and the computation stops.
The size of the computation domain is , 6 4 mm mm × discretized into a uniform grid of 36 24 × nodes. The time step is dynamically adjusted to ensure computational stability. The initial temperature is assumed to be uniform.
Results and discussion
summarizes the physical properties used in the simulation [16, 17] The left boundary is a line of symmetry and the right is the computational boundary. 
Initial Drop Volume
We found that the initial drop volume made an insignificant contribution on short-circuiting time.
For example, incrementing the initial drop volume by 50% percent, from 6.3 mm 3 to 9.5 mm 3 , increases the short-circuiting time by less than 4%, from 10.6ms to 11ms. It appears that the initial configuration is not important and the solution could be determined by having a 'cylindrical' drop, and letting constant = c R all the way to the weld pool at t = 0.
Marangoni Effect
To include the Marangoni effect in GMAW short-circuiting transfer simulation, we must solve the temperature distribution. The front tracking method used in this paper provides a convenient representation of the free surfaces in GMA short-circuiting transfer. There are several property ratios involved in the front tracking method simulation described in this paper, namely, density ratio, viscosity ratio, heat conductivity ratio, specific heat ratio, magnetic permeability ratio, and electrical conductivity ratio. These ratios range from around one to several thousand. High ratios cause convergence problems as discussed in section 2, "Free surface method". However, as shown by the benchmarking of this front tracking method, an infinite ratio may be reasonably approximated by a modest value (we used density ratio In this study, the wire melting rate is set to be equal to the wire feed speed so that the liquid solid interface is not moving in the absolute coordinate system. Future study, however, should allow a moving molten line and rupture of the drops for a more complete understanding of the shortcircuiting process. In addition, more consideration is needed in the third direction with a translating electrode to extend the analysis from the spot welding mode discussed here.
